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High visibility temporal ghost imaging with classical light is possible when superbunching pseu-
dothermal light is employed. In the numerical simulation, the visibility of temporal ghost imaging
with pseudothermal light equaling (4.7 ± 0.2)% can be increased to (75 ± 8)% in the same scheme
with superbunching pseudothermal light. The reasons for the difference in visibility and quality of
the retrieved images in different situations are discussed in detail. It is concluded that high visi-
bility and high quality temporal ghost image can be obtained by collecting large enough number
of data points. The results are helpful to understand the difference between ghost imaging with
classical light and entangled photon pairs. The superbunching pseudothermal light can be employed
to improve the image quality in ghost imaging applications.
I. INTRODUCTION
Ghost imaging is a new imaging technique that is based
on the second- or higher-order correlation of light [1]. In a
typical ghost imaging scheme, there are two light beams,
which are usually emitted by the same light source. One
is signal beam and is incident onto an object. The trans-
mitted or reflected light from the object is collected by a
bucket detector without position information. The other
beam is reference beam, which does not interact with the
object and is collected by a scannable detector with po-
sition information. The image of the object can not be
obtained by either signal from these two detectors. Since
the image information is collected by the bucket detec-
tor without position resolution. The position resolution
of the reference detector is high enough to resolve the
object, while the object does not interact with the ref-
erence light beam. Surprisingly, the image of the object
can be retrieved by correlating the signals from these two
detectors. This peculiar property is the reason why the
imaging technique is named as ghost imaging [1].
The developing history of ghost imaging is a typical
example of how scientific research advances itself by the
efforts of people with different opinions [2–18]. Ghost
imaging was first performed with entangled photon pairs
[2, 3]. It was then thought that entanglement was neces-
sary for ghost imaging [4]. However, inspired by the work
of Bennink et al. [5], it was proved that ghost imaging
can also be performed with thermal light [6–9]. Since
then, the discussion about the physics of ghost imaging
with thermal light never stops [10–18]. Scarcelli et al.
suggested that ghost imaging with thermal light might
have to be described quantum mechanically [10]. Gatti
et al. disagreed with the conclusion and claimed that
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classical theory could also be employed to interpret ther-
mal light ghost imaging [11, 12]. Shapiro proposed a
new type of ghost imaging called computational ghost
imaging and pointed out that the nature of ghost imag-
ing is classical [13]. Rogy et al. employed quantum dis-
cord to study ghost imaging and concluded that there is
quantum correlation in thermal light ghost imaging [14].
Although there is no final conclusion about the physics
of thermal light ghost imaging [1, 15–18], it is well ac-
cepted that ghost imaging with thermal light can mimic
all the behaviors of ghost imaging with entangled photon
pairs except the visibility of the former is lower than the
one of the latter [6]. The reason is that the degree of
second-order coherence, g(2)(0), equals two for thermal
light; while it can be much larger than two for entangled
photon pairs [19]. If there is one type of classical light
with large value of g(2)(0), high visibility ghost imaging
with classical light should also be possible.
Different methods, such as differential ghost imag-
ing [20], normalized ghost imaging [21], correspondence
ghost imaging [22, 23], high-order ghost imaging [24–
26], etc, have been employed to improve the visibility
of ghost imaging with classical light. However, mathe-
matical algorithms, which require extra calculations, are
employed in these methods to improve the visibility [20–
25]. Recently, we have proposed a new type of classical
light called superbunching pseudothermal light, in which
g(2)(0) can be much larger than two [27, 28]. With the
help of superbunching pseudothermal light, high visibil-
ity temporal ghost imaging can be implemented with nor-
mal correlation algorithm similar to that in ghost imaging
with entangled photon pairs [3]. The result contradicts
the well accepted conclusion that the visibility is differ-
ent between ghost imaging with classical and nonclassical
light, which should be one important step in the devel-
opment of ghost imaging and be helpful to understand
the physics of ghost imaging.
Most ghost imaging experiments were in the spatial
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2domain [2, 3, 6–9, 13, 14, 20–26]. Based on the space-
time duality [29–31], temporal ghost imaging should also
be possible. Shirai et al. first proved that temporal ghost
imaging with classical pulsed light can be realized by
analogy of spatial ghost imaging with thermal light [32].
It was soon realized that temporal ghost imaging can
also be performed with entangled photon pairs [33–35],
chaotic laser light [36, 37], and chaotic light [38–40]. Re-
cently, computational temporal ghost imaging was also
experimentally implemented [41]. There are also two
light beams in a typical temporal ghost imaging scheme
[32–40]. The signal beam is modulated by a temporal ob-
ject and then is detected by a slow detector, which can
not follow the variation of the signal. The role of this
detector is the same as that of bucket detector in spatial
ghost imaging. The reference beam is directly detected
by a fast detector to record the variation of light inten-
sity. The role of the detector is the same as the one of
scannable detector in spatial ghost imaging. The image
of the temporal object can not be obtained by either sig-
nal from these two detectors. However, the image can be
retrieved by correlating the signals from these two detec-
tors [37], just like ghost imaging in spatial domain [1].
The rest of the paper is organized as follows. Theo-
retical and numerical study of high visibility temporal
ghost imaging with superbunching pseudothermal light
is in Sec. II. The discussions about why the visibility of
temporal ghost imaging can be increased by changing the
light source and the difference in the retrieved images in
different situations are in Sec. III. Our conclusions are
in Sec. IV.
II. TEMPORAL GHOST IMAGING WITH
SUPERBUNCHING PSEUDOTHERMAL LIGHT
A. Theoretical study
The scheme of temporal ghost imaging with super-
bunching pseudothermal light is shown in Fig. 1, which
is similar to that of spatial ghost imaging with thermal
light [10]. IM is an intensity modulator, which is em-
ployed to modulate the intensity of the incident light. It
is a combination of rotating ground glasses (RGs), pin-
holes, lenses, etc, in superbunching pseudothermal light
source [27, 28]. BS is a non-polarized 50 : 50 beam split-
ter. O is a temporal object, which can be simulated by
an electro-optic modulator [37]. D1 is a slow detector,
which can not resolve the temporal object by itself. D2
is a fast detector, which can follow the modulation of light
intensity after IM. CC is a second-order correlation mea-
surement system. The distance between the light source
and the temporal object planes is equal to the one be-
tween the light source and D2 planes. The difference
between spatial and temporal ghost imaging schemes is
as follows. In spatial ghost imaging, D2 is scanned trans-
versely to obtain the spatial intensity distribution of the
reference light beam. While in temporal ghost imaging,
D2 is scanned longitudinally to obtain the temporal in-
tensity fluctuations of the reference light beam. D1 and
D2 are in transversely symmetrical positions in temporal
ghost imaging so that the same portion of light is received
by these two detectors.
D1
D2
BS
O
IM
CC
FIG. 1. Temporal ghost imaging scheme. IM: intensity mod-
ulator. BS: non-polarized 50 : 50 beam splitter. O: temporal
object. D1: temporal bucket detector, which integrates the
intensity within one period. D2: reference detector with high
temporal resolution. CC: second-order correlation measure-
ment system.
The process of temporal ghost imaging within one pe-
riod is described in Fig. 2. S and R represent signal and
reference light beams, respectively. The intensity fluc-
tuations of these two light beams are identical. O is a
temporal object, which is a periodic double-slit in our
scheme. The period of the temporal object is T , which
is shown in the left panel of Fig. 2. S.×O means modu-
lating the temporal object with the signal light beam. In
the modulating process, the variation of the signal beam
should be faster than the temporal object. Otherwise,
the information about the object may be lost [32]. The
modulating process is shown in the middle panel of Fig.
2. Sum(S.×O) is the output of the bucket detector, D1,
which integrates the modulated signals within a period.
The second-order correlation between signal and refer-
ence light beams is implemented by sum(S. × O) × R.
The image of the temporal object can be retrieved by
correlating the outputs of D1 and D2 and repeating the
process in Fig. 2 many times [32–39] .
The temporal ghost imaging with classical light in Fig.
2 can be mathematically expressed as
G(2)(t2) = 〈I(t2)
∫ T
0
I(t1)O(t1)dt1〉, (1)
where I(t2) is the intensity of the reference light beam
recorded by D2, I(t1) is the intensity of the signal light
beam, O(t1) is the temporal object, and
∫ T
0
I(t1)O(t1)dt1
is the output of D1 within one period. 〈...〉 is ensemble
average, which is equivalent to a long time average for an
ergodic and stationary process [42]. The temporal object
remains the same in different periods. Hence Eq. (1) can
be re-arranged as
G(2)(t2) =
∫ T
0
〈I(t2)I(t1)〉O(t1)dt1, (2)
3S
O
R
S
.×
O
sum(S.×O)
×R
T T
I
t
T
FIG. 2. Process of temporal ghost imaging within one period.
The horizontal and vertical axes are time (t) and intensity of
light (I), respectively. S: signal beam. O: temporal object. R:
reference beam. T : period length of temporal object. S.×O:
the dot product of signal light beam and temporal object,
which corresponds to modulating the temporal object with
the signal light beam. sum(S. × O) is the out of the bucket
detector within one period, which is a non-negative real num-
ber. sum(S.×O)×R represents the intensity of the reference
beam multiplied by the output of the bucket detector.
where 〈I(t2)I(t1)〉 is the second-order correlation func-
tion [42]. For a stationary process, the second-order cor-
relation function is only dependent on the time difference
between these two intensities [42]. Equation (2) can be
simplified as
G(2)(t2) =
∫ T
0
G(2)(t2 − t1)O(t1)dt1, (3)
where G(2)(t2 − t1) is the second-order correlation func-
tion [43, 44]. Equation (3) is similar to that of lens-
less spatial ghost imaging with thermal light [1, 10] and
is consistent with the results of temporal ghost imaging
with classical light [32, 36].
If the superbunching pseudothermal light proposed in
[27, 28] is employed in temporal ghost imaging, Eq. (3)
can be expressed as
G(2)(t2) =
∫ T
0
N∏
j=1
[1 + sinc2
∆ωj(t2 − t1)
2
]O(t1)dt1,(4)
where N is the number of RGs in superbunching pseu-
dothermal light source, ∆ωj is the frequency bandwidth
of pseudothermal light scattered by the jth RG, and
sinc(x) equals sin(x)/x [28]. Equation (4) becomes tem-
poral ghost imaging with thermal light when N equals
one. The maximal visibility for both temporal and spa-
tial ghost imaging with thermal light is 33% [1, 6], which
is determined by that the degree of second-order coher-
ence of thermal light equals two. The visibility of tem-
poral ghost imaging will increase as N increases.
B. Numerical simulations
The intensity of superbunching pseudothermal light
follows certain probability distribution, which is depen-
dent on the number of RGs in the superbunching pseu-
dothermal light source [27]. If single-mode continuous-
wave laser light is employed as the input of superbunch-
ing pseudothermal light source, the intensity of the inci-
dent light before the first RG is constant. The intensity,
I, after the first RG follows negative exponential distri-
bution [45]
PI|x(I|x) = 1
x
exp(− I
x
), (5)
where x is a constant and is proportional to the intensity
of the incident light. If the generated pseudothermal light
within one coherence area is filtered by a pinhole and set
as the incident light of the second RG, the intensity after
the second RG follows a conditional negative exponen-
tial distribution, which is conditioned on the intensity of
incident light before the second RG. The intensity distri-
bution of superbunching pseudothermal light after two
RGs is [45]
PI(I) =
∫ ∞
0
PI|x(I|x)Px(x)dx
=
∫ ∞
0
1
x
exp(− I
x
) · 1〈I〉exp(−
x
〈I〉 )dx, (6)
where Px(x) is the intensity distribution after the first
RG and 〈I〉 is the average intensity of the scattered light
after the first RG.
A third RG can be added after the second RG and the
intensity after the third RG is a conditional negative ex-
ponential distribution based on the intensity distribution
given by Eq. (6). Treating PI(I) in Eq. (6) as Px(x) and
repeating the process in Eq. (6) will give the probabil-
ity distribution of the intensity after the third RG. The
process can be repeated for N RGs. The intensity dis-
tribution for any number of RGs in the superbunching
pseudothermal light source can be obtained in the same
way [27].
The numerical simulation process of temporal ghost
imaging is similar to that in Fig. 2. 100 random num-
bers following certain distribution are generated by the
method above to simulate intensity fluctuations of super-
bunching pseudothermal light. Two copies of the random
numbers are employed to represent the intensities of the
signal and reference light beams, respectively. The inten-
sity of the signal beam is modulated by the temporal ob-
ject. The output of the bucket detector, D2, is obtained
by summing the modulated signals within one period.
Then the intensity of the reference light beam is multi-
plied by the output of D2. The image of the temporal
object is retrieved by repeating the process 105 times.
Figure 3 shows the numerical results of temporal ghost
imaging with superbunching pseudothermal light. The
temporal object is shown in Fig. 3(g). O(t) represents
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FIG. 3. Simulated temporal ghost imaging with superbunch-
ing pseudothermal light. g(2)(t) is the normalized second-
order correlation function, which is normalized according to
the background. O(t) is the temporal object. t is time and
arb.u. is short for arbitrary unit of time. The black squares
are simulated results and the red lines are theoretical results
based on Eq. (4). V is visibility and N is the number of RGs
in superbunching pseudothermal light source. (a)-(f) are the
retrieved images of the temporal object in (g) for different
number of RGs in superbunching pseudothermal light source.
(h) is the visibility of temporal ghost images in (a)-(f). The
hollow black squares are simulated results and red product
signs are theoretical values.
the amplitude of the temporal object. t is time and arb.u.
is short for arbitrary unit of time. The width and height
of the first temporal slit are 10 and 0.5, respectively. The
width and height of the second temporal slit are 5 and 1,
respectively. All the other points are zero. Figures 3(a)-
3(f) are the simulated temporal ghost images of temporal
object with superbunching pseudothermal light when N
equals 1, 2, 3, 4, 5, and 6, respectively. The black squares
are numerical results. The red lines in Figs. 3(a)-3(f) are
theoretical results by employing Eq. (4) when N equals
1, 2, 3, 4, 5, and 6, respectively. g(2)(t) is the normalized
second-order correlation function. The meaning of the
horizontal axis in Figs. 3(a)-3(f) is the same as the one
in Fig. 3(g). When N equals 1, the scattered light is
pseudothermal light [46]. The visibility of temporal ghost
image with pseudothermal light in Fig. 3(a) is (4.7 ±
0.2)%, which is calculated by employing
V =
g
(2)
max − g(2)min
g
(2)
max + g
(2)
min
. (7)
g
(2)
max is the maximal value of the normalized second-order
correlation function and is calculated by averaging the
data points at the peak of the second temporal slit in the
retrieved image. g
(2)
min is the minimal value and is cal-
culated by averaging the data points in the background.
The visibility of temporal ghost image increases as N
increases, which can be seen from the results in Fig.
3(h). V is the visibility of temporal ghost image and
N is the number of RGs in superbunching pseudother-
mal light source. The hollow black squares are numeri-
cal results. The red product signs are theoretical results
by employing Eq. (4). The visibility of temporal ghost
imaging with superbunching pseudothermal light can be
much higher than the maximal visibility of ghost imaging
with thermal light, 33% [1]. For instance, the visibility in
Fig. 3(f) is (75± 8)%. The numerical results are consis-
tent with the theoretical results in Fig. 3. It is predicted
from Eq. (4) that the visibility of temporal ghost imaging
with superbunching pseudothermal light can approach 1
when N further increases.
III. DISCUSSIONS
In last section, we have theoretically and numerically
proved that high visibility temporal ghost imaging with
superbunching pseudothermal light is possible. Compar-
ing the results in Figs. 3(a)-3(f), it is easy to see that
the retrieved images in Figs. 3(a)-3(d) are consistent
with the temporal object while the retrieved images in
Figs. 3(e)-3(f) are somewhat distorted. In this section,
we will discuss why there is difference for the retrieved
images in different situations and how to eliminate the
image distortion.
Figure 4 shows that the degree of second-order co-
herence increases with the number of RGs in the su-
perbunching pseudothermal light source. g(2)(0) is the
degree of second-order coherence and N is the number
of RGs. The black squares are simulated results, which
are calculated by generating 2×104 random numbers fol-
lowing certain statistics. The error bar is the standard
deviation (SD) and is calculated with 50 independent
runs for each data point. The red line is the theoreti-
cal value of 2N . The results in Fig. 4 can be employed
to explain why the quality of the retrieved images are
different in Figs. 3(a)-3(f). The lengths of the error
bars for N equaling 1 and 2 are less than the size of the
black square, which indicates that the fluctuations of the
calculated second-order correlation function are small in
different runs. As the number of RGs in superbunching
pseudothermal light source increases, the SD of the calcu-
lated degree of second-order coherence increases. Hence
the fluctuation of the calculated second-order coherence
function will increase as N gets bigger. This is the reason
why the retrieved images are consistent with the tempo-
ral object in Figs. 3(a)-3(d) and are distorted in Figs.
3(e)-3(f).
The reason why the SD of the calculated degree of
second-order coherence increases with N can be under-
stood as follows. Figure 5 shows the histograms of the
generated random intensities for different number of RGs
in superbunching pseudothermal light source. All the re-
sults in Fig. 5 are drawn based on 5 × 104 generated
random intensities following certain statistics. When N
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FIG. 4. The degree of second-order coherence vs. the number
of RGs in superbunching pseudothermal light source. g(2)(0)
is the degree of second-order coherence and N is the number of
RGs. The black squares are the simulated results and the red
line is the theoretical value. The scale of y axis is logarithmic
instead of linear.
equals 1, the intensity follows negative exponential dis-
tribution, which is shown in Fig. 5(a). The probability,
P (I), decreases as the intensity, I, increases. It is pos-
sible to obtain enough number of intensities to calculate
the degree of second-order coherence with 2 × 104 ran-
dom numbers following the same distribution. Hence the
calculated value with a limited number of random inten-
sities will be close to the theoretical one when N equals
one, as is shown in Fig. 4. When the number of RGs in-
creases, P (I) mainly concentrates on the far left column
in the histogram. For instance, the probability for I be-
ing in the far left column equals 0.98 in Fig. 5(f). The
calculated value with the same number of random inten-
sities will fluctuate a lot in different runs. Hence as the
number of RGs increases, the SD of the calculated degree
of second-order coherence increases, too. The results in
Fig. 5 are consistent with the ones in Fig. 4.
The SD of the calculated degree of second-order coher-
ence can be decreased by increasing the number of the
generated random intensities. Figure 6 shows how the SD
changes with the number of random intensities for differ-
ent number of RGs in superbunching pseudothermal light
source. The degrees of second-order coherence in Fig. 6
are calculated for 100, 200, 500, 1000, 2000, 5000, 10000,
and 20000 random intensities, respectively. The SD is
calculated with 1000 different runs for each data point.
N is the number of RGs in superbunching pseudothermal
light source and n is the number of random intensities in
a single run. The SD in Figs. 6(a)-6(b) decreases as
n, the number of random intensities, increases. When
N , the number of RGs in superbunching pseudothermal
light source, increases, the calculated SD fluctuates when
n increases. For instance, the calculated SD in Figs. 6(c)-
6(d) first increases when n increases from 100 to 200 and
decreases since then. While the SD in Figs. 6(e)-6(f)
increases when n increases from 100 to 5000.
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FIG. 5. Histograms of numerically generated intensities for
different number of RGs in superbunching pseudothermal
light source. 5 × 104 generated intensities are employed to
draw the histogram in each sub-figure. P (I) is the probabil-
ity for the intensity being I and I is the intensity of light.
The average of the generated intensities is 5k and arb.u. is
short for arbitrary unit of light intensity.
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FIG. 6. Standard deviation vs. the number of random in-
tensities in a single run. g(2)(0) is the degree of second-order
coherence and n is the number of random intensities in a sin-
gle run. 1000 groups of data are generated to calculate the
SD for each data point. The black lines connecting the data
points are served as the guidance for the eye. (a)-(f) are the
results for 1, 2, 3, 4, 5, and 6 RGs in the superbunching pseu-
dothermal light source, respectively.
The results in Figs. 4-6 can be understood based on the
definition of the degree of second-order coherence [42],
g(2)0) =
〈I2〉
〈I〉2 , (8)
where the intensities detected by two detectors are as-
sumed to be identical and 〈...〉 is ensemble average. En-
6semble average means taking all the possible realizations
into account [42]. When there are enough number of ran-
dom intensities to calculate the degree of second-order co-
herence, the calculated result will be close to the theoret-
ical value. When there are not enough number of random
intensities, the calculated result is a partial ensemble av-
erage and the calculated result may be very different from
the theoretical one. Different distributions require differ-
ent number of random intensities to obtain the results
close to the theoretical ones. For instance, 20000× 1000
intensities are enough calculate g(2)(0) for one RG in su-
perbunching pseudothermal light source, which can be
seen from the last data point in Fig. 6(a). While the
same number of random intensities are not enough to
calculate g(2)(0) for six RGs, which can be seen from the
last data point in Fig. 6(f). However, no matter what
distribution the intensity follows, it is always possible
to obtain g(2)(0) close enough to the theoretical value
by employing large enough number of random intensi-
ties. Hence the image distortion in Figs. 3(e)-3(f) can be
eliminated by including more different runs to increase
the number of random intensities.
IV. CONCLUSIONS
In conclusion, we have proved that high visibility tem-
poral ghost imaging with classical light is possible. The
proposed superbunching pseudothermal light [27, 28] is
helpful to improve the quality of temporal ghost image.
The visibility of temporal ghost image with superbunch-
ing pseudothermal light can approach 100% when more
rotating ground glasses are employed in superbunching
pseudothermal light source. The well-accepted conclu-
sion that the visibility is different between ghost imaging
with classical light and entangled photon pairs does not
hold any more. The results are helpful to understand the
physics of ghost imaging and increase the image quality
in future temporal ghost imaging applications.
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